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Peptidyl-prolyl isomerase 1 (Pin1) is the only enzyme known to catalyze isomerization of the pSer/
Thr-Pro peptide bond. Pin1 induces conformational change of substrates and subsequently regu-
lates diverse cellular processes. However, its role in osteoblast differentiation is not well under-
stood. Here we show that Pin1 enhances osteoblast differentiation. Pin1 interacts and affects the
protein stability and transcriptional activity of an important osteogenic transcriptional factor
Runx2. Our results indicate that this regulation is likely due to suppression of poly-ubiquitina-
tion-mediated proteasomal degradation of Runx2. Our current ﬁnding suggests that Pin1 is a novel
regulator of osteoblast differentiation that acts through the regulation of Runx2 function.
Structured summary of protein interactions:
Pin1 physically interacts with Runx2 by anti bait coimmunoprecipitation (1, 2, 3)
Pin1 physically interacts with Runx2 by pull down (1, 2, 3)
Runx2 physically interacts with Pin1 by anti tag coimmunoprecipitation (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Peptidyl-prolyl cis–trans isomerase (PPIase) Pin1 speciﬁcally
binds to peptide motifs containing a phosphorylated Ser/Thr resi-
due preceding a Pro residue (pSer/Thr-Pro). Pin1 contains an N-ter-
minal WW protein interaction domain and a C-terminal PPIase
catalytic domain [1]. Upon binding to the pSer/Thr-Pro motif via
its WW domain, Pin1 catalyzes cis–trans isomerization of the
peptide bond N-terminal to the Pro residue. This isomerization
changes the conformation and the functional properties of the
substrates. Pin1-mediated isomerization regulates the substrates’
stability, phosphorylation status, protein interaction property and
subcellular localization. Subsequently, Pin1 regulates diverse
cellular processes including growth-signal responses, cell-cycle
progression, cellular stress responses, neuronal function and
immune responses [1,2]. However, the role of Pin1 in osteoblast
differentiation has not been elucidated.
We found Pin1 regulates the function of Runx2 during
osteoblast differentiation. Osteoblasts play pivotal roles in boneformation and remodeling. Osteoblasts arise from mesenchymal
stem cells and mature osteoblasts produce extracellular matrix
proteins and the regulators of matrix mineralization [3]. Runt-re-
lated transcription factor 2 (Runx2) is an osteoblast-speciﬁc
transcription factor and plays crucial roles during cell fate commit-
ment of mesenchymal stem cells to osteoblast lineage. Runx2-
Knockout mice display complete lack of both intramembranous
and endochondral ossiﬁcation due to incomplete maturation of
osteoblasts [4–6]. Runx2 regulates the expression of important
osteogenic markers including Alkaline phosphatase, Osteopontin,
Collagen type I, and Osteocalcin. Several osteogenic signaling path-
ways and transcription factors have been shown to control osteo-
blast differentiation by regulating the expression or activity of
Runx2 [7]. Runx2 activity is necessary throughout life to promote
the differentiation of new osteoblasts during bone remodeling [8].
In this study, we found evidences that Pin1 modulates osteo-
blast differentiation possibly through a direct regulation of Runx2
activity. Pin1 interacts with Runx2 in a Runx2 phosphorylation-
dependent manner. Modulation of Pin1 activity affects the protein
stability and transcriptional activity of Runx2 as well as BMP-in-
duced osteoblast differentiation. Lastly, MEK activity affects Pin1-
modulated protein stability of Runx2. Taken together, these results
suggest that Pin1 is a novel positive regulator of osteoblast
differentiation and the function of Runx2.
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2.1. Cell culture
C2C12 mouse myoblast cells, HEK293 cells, and Pin1/ mouse
embryonic ﬁbroblasts (MEFs) were cultured in DMEM supple-
mented with 10% FBS and antibiotics–antimycotics at 37 C, 5%
CO2. DMEM, FBS and antibiotics–antimycotics were purchased
from Life Technologies.
2.2. Plasmids, antibodies and inhibitor
Myc or HA-tagged Runx2 plasmids were constructed in a CMV
promoter-derived mammalian expression vector (pCS4+). The
Xpress-tagged Pin1 wild type, S16A, K63A, L122A and M130F mu-
tant plasmids were generously provided by Dr. Hong Seok Choi
(Chosun University, Gwangju, Korea). For knockdown of Pin1, fol-
lowing oligonucleotides targeting mouse Pin1 sequence (in capital
letters) were annealed and inserted to pSUPER.puro: sense, 50-gat
ccc cGC CGG GTG TAC TAC TTC AAT tca aga gAT TGA AGT AGT
ACA CCC GGC ttt ttg gaa a-30; and antisense, 50-agc ttt tcc aaa
aaG CCG GGT GTA CTA CTT CAA Tct ctt gaA TTG AAG TAG TAC
ACC CGG Cgg g-30. Transient transfection was performed by the
polyethyleneimine (PEI) (Polysciences, Inc.)-mediated method.
Total amounts of transfected plasmids in each condition were
equalized with an empty vector. Antibodies against following
epitopes were used: Myc (9E10) and HA (12CA5) from Roche
Applied Science, Flag (M2) and a-tubulin (B-5-1-2) from Sigma–Al-
drich, Pin1 (SC-46660) from Santa Cruz Biotechnology. Pin1 inhib-
itor Juglone (420120) is purchased from Calbiochem.
2.3. Alkaline phosphatase (ALP) staining
C2C12 cells were transfected and the stimulated with BMP2
(10 ng/ml) for 3 days. Cells were ﬁxed and stained with 300 lg/
ml BCIP/NBT solution (Sigma–Aldrich) for 20 min at room temper-
ature. ALP-positive cells stain blue/purple.A
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Fig. 1. Pin1 enhances BMP2-induced osteoblast differentiation. (A) Pin1 enhances BMP2-
increasing amounts of Pin1 expressing plasmid, stimulated with BMP2, and stained for AL
or increasing amounts Juglone (5 and 10 lM), and stained for ALP activity. (B) Pin1 enhan
panels), or DMSO or Juglone-treated C2C12 cells (right panels) were stimulated with BM
used as a loading control. (C) Pin1 increases the expression of osteoblast-speciﬁc report
reporter containing ALP, BSP or OC promoter element. 36 h later, luciferase activities we2.4. Luciferase reporter assays
C2C12, HEK293, and Pin1/MEFs were transfected with a lucif-
erase reporter plasmid [containing osteoblast-speciﬁc elements
(OSE) or the regulatory element of ALP, Bone sialoprotein (BSP), or
Osteocalcin (OC) gene], pCMV-b-gal, and combinations of Runx2,
Pin1 expression plasmids for 36 h. Luciferase activities were mea-
sured using Luciferase Reporter Assay Kit (Promega) and normal-
ized with corresponding b-galactosidase activities for transfection
efﬁciency. Experiments were performed in triplicate and repeated
at least three times.
2.5. RT-PCR analyses
Total cellular RNA was prepared using TRIzol reagent (Life Tech-
nologies) according to the manufacturer’s instruction. Random-
primed cDNAs were synthesized from 1 lg of total RNA using
Super-Script III First-Strand Synthesis System (Life Technologies).
The following conditions were used for PCR: initial denaturation
at 94 C for 1 min; 28–30 cycles of denaturation at 94 C for 30 s,
annealing at a temperature optimized for each primer pair for
30 s, extension at 72 C for 30 s; ﬁnal extension at 72 C for
5 min. The following PCR primers were used: ALP forward 50-GAT
CAT TCC CAC GTT TTC AC-30 and reverse 50-TGC GGG CTT GTG
GGA CCT GC-30; BSP forward 50-ACA CTT ACC GAG CTT ATG AGG-
30 and reverse 50-TTG CGC AGT TAG CAA TAG CAC-30; ColIA1 for-
ward 50-TCT CCA CTC TTC TAG GTT CCT-30 and reverse 50-TTG
GGT CAT TTC CAC ATG C-30; Runx2 forward 50-AGC AAC AGC AAC
AAC AGC AG -30 and reverse 50- GTA ATC TGA CTC TGT CCT TG-
30; GAPDH forward 50-ACC ACA GTC CAT GCC ATC AC-30 and reverse
50-TCC ACC ACC CTG TTG CTG TA-30.
2.6. Immunoblotting (IB) and immunoprecipitation (IP)
For IB, HEK293 cells were transfected for 48 h and lysed in an
ice-cold lysis buffer [25 mM HEPES (pH 7.5), 150 mM NaCl, 1%
NP-40, 0.25% sodium deoxycholate, 10% glycerol, 25 mM NaF,Pin1
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induced ALP activity. Top Panel: C2C12 cells were transfected with empty vector or
P activity. Bottom Panel: C2C12 cells were cultured with BMP2 with vehicle (DMSO)
ces the expression of osteoblast markers. Pin1 or mock-transfected C2C12 cells (left
P2. The expression of ALP, BSP, Col1A1 and GAPDH is compared by RT-PCR. GAPDH is
ers. C2C12 cells were transfected with increasing amounts of Pin1 and a luciferase
re measured. ⁄P < 0.05 and ⁄⁄⁄P < 0.001 compared to control group.
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10 lg/ml aprotinin]. After centrifugation, supernatants containing
30 lg of total protein were subjected to SDS–PAGE. Proteins were
transferred to a PVDF membrane and visualized using appropriate
primary antibodies, HRP-conjugated secondary antibodies and ECL
reagent. For IP, centrifuged lysate supernatants were subjected to
IP using appropriate antibodies and protein A or G-Sepharose
beads. The immunoprecipitated proteins were subjected to SDS–
PAGE and visualized by IB.
2.7. Pulse-chase analyses
HEK293 cells were transfected with combinations of Runx2 and
Pin1 expression plasmids. After 24 h, cells were incubated in fresh
growth media and treated with 40 lg/ml of cycloheximide (CHX)
for the indicated times. Protein levels were analyzed by IB.
2.8. Statistical analyses
All experiments were repeated at least three times. Student’s
t-test was used to assess statistical signiﬁcance with P < 0.05.
3. Results
3.1. Pin1 enhances osteoblast differentiation
To investigate the function of Pin1 during osteoblast differenti-
ation, we ﬁrst examined the effect of Pin1 overexpression on
BMP2-induced osteoblast differentiation in C2C12 cells by alkaline
phosphatase (ALP) staining. C2C12 myoblastic cells differentiate to
osteoblasts upon BMP2 stimulation. Pin1 enhanced ALP activity in
a dose-dependent manner (Fig. 1A). Conversely, a Pin1-speciﬁc
inhibitor Juglone reduced ALP activity in a dose-dependent manner
(Fig. 1A). Next we examined whether Pin1 affects the expression ofIP: Pin1
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Fig. 2. Pin1 interacts with phosphorylated Runx2. (A) Pin1 interacts with Runx2. HEK293
tagged Runx2. Anti-Pin1 immunoprecipitates (IP: Pin1) were analyzed by immunoblottin
(bottom 2 panels). (B) Endogenous Pin1 interacts with Runx2. Anti-Pin1 IP from mock o
Pin1 interacts with Runx2. Lysates from HA-Runx2-transfected HEK293 cells were incub
(D) Pin1 interacts with Runx2 in a Runx2-phosphorylation-dependent manner. HEK293
were treated with or without CIP for 30 min. Lysates were then analyzed by Xpress-Pinosteoblast marker genes. Pin1 increased the expression of ALP, BSP
(Bone sialoprotein), and Collagen type I a (ColIa), whereas Juglone
reduced the expression of these markers in a dose-dependent man-
ner (Fig. 1B). We also examined the effects of Pin1 on the expres-
sion of luciferase reporter containing ALP, BSP or OC (Osteocalcin)
promoter element. Pin1 increased the expression of all reporters
in a dose-dependent manner (Fig. 1C). Taken together, these
results indicate that Pin1 positively modulates osteoblast
differentiation.
3.2. Pin1 interacts with Runx2
As Pin1 regulates cellular processes through peptidyl-prolyl cis–
trans isomerization of the target proteins, we examined whether
Pin1 interacts with key transcription factors of osteoblast differen-
tiation. Endogenous Pin1 as well as epitope-tagged overexpressed
Pin1 interacted with overexpressed Runx2 (Fig. 2A and B). We then
examined whether Pin1 can directly bind to Runx2 by GST
pull-down assay. Puriﬁed GST-Pin1 interacted with Runx2
(Fig. 2C), suggesting a direct interaction between Pin1 and Runx2.
Pin1 recognizes p-Ser/Thr-Pro motif, therefore we examined
whether the phosphorylation status of Runx2 affects the interac-
tion with Pin1. Lysates of Runx2 transfected cells were incubated
with or without calf intestinal alkaline phosphatase (CIP) and
subjected to immunoprecipitation. Dephosphorylation of Runx2
abolished the binding between Runx2 and Pin1 (Fig. 2D). These
results indicate that Pin1 interacts with Runx2 in Runx2 phosphor-
ylation-dependent manner.
3.3. Pin1 WW domain is essential for binding to Runx2
We determined the regions of Runx2 and Pin1 responsible for
their interaction. First, the interaction of puriﬁed GST-Pin1 with
Runx2 deletion mutants (Fig. 3A) was examined. Puriﬁed Pin1IP: Pin1
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cells were transfected with indicated combinations of Xpress-tagged Pin1 and HA-
g for HA-Runx2 (IB: HA) (top panel). Levels of proteins in lysates were also compared
r HA-Runx2-transfected HEK293 cells were analyzed IB for HA-Runx2. (C) Puriﬁed
ated with GST or GST-Pin1-bound agarose beads, and analyzed by IB for HA-Runx2.
cell lysates transfected with indicated combinations of Myc-Runx2 and Xpress-Pin1
1 IP and Myc-Runx2 IB.
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nal region (Myc-Runx2-C) of Runx2.In Pin1, the WW domain func-
tions as the protein interaction domain that speciﬁcally recognizes
pSer/Thr-Pro motif in target proteins [9]. As Pin1 interacted only
with phosphorylated Runx2 (Fig. 2D), we examined whether the
Pin1 WW domain is involved in Runx2 binding. Phosphorylation
of Ser 16 residue in Pin1 is important for its pSer/Thr-Pro motif rec-
ognition. We tested Ser or Tyr residue (including Ser16) substitu-
tion mutants of Pin1 (Fig. 3A) for the interaction with Runx2.
Substitution of Ser16 to Ala abolished the binding of Pin1 to Runx2
(Fig. 3C). Tyr to Ala substitution (Y23A or Y24A) in theWW domain
also signiﬁcantly reduced the interaction with Runx2, whereas
same substitution in the PPIase catalytic domain (Y94A) did not
have any noticeable effect (Fig. 3D). Collectively, these results sug-
gest that theWWdomain of Pin1 is important for binding to Runx2.
3.4. Pin1 positively regulates the transcriptional activity of Runx2
Given that Pin1 speciﬁcally binds to Runx2, we examined
whether Pin1 affects the transcriptional activity of Runx2. Runx2Cell lysate GST-Pin1 p
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to GST pull-down assay with indicated Pin1 protein.induced the expression of osteoblast-speciﬁc luciferase reporters
(OSE, ALP, BSP and OC), and Pin1 further enhanced the expression
of them (Fig. 4). These results indicate that Pin1 positively regu-
lates the transcriptional activity of Runx2.
3.5. Pin1 suppresses the proteosomal degradation and increases the
protein stability of Runx2
Pin1 regulates the function of many of its target proteins by
affecting their stability [2]. Therefore, we examined whether Pin1
affects the stability of Runx2 protein. Pin1 increased the level of
overexpressed Runx2 (Fig. 5A), whereas Pin1 S16A or K63A substi-
tution mutant failed to increase the level of Runx2 (Fig. 5B). Lys63
of Pin1 is important for its binding to pSer/Thr-Pro motif. However,
Pin1 did not affect BMP2-induced transcription of endogenous
Runx2 noticeably (Fig. 5C). We also compared the half-life of
Runx2 in the presence or absence of Pin1. Pin1 increased the
half-life of Runx2 dramatically (Fig. 5D). These results suggest that
Pin1 modulates the protein stability of Runx2. Next, we examined
whether Pin1 affects Runx2 poly-ubiquitination, an event requiredull down
3
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3644 S.H. Lee et al. / FEBS Letters 587 (2013) 3640–3647for the proteosomal degradation. Pin1 reduced the ubiquitination
of Runx2 (Fig. 5E). Conversely, knockdown of Pin1 increased the
ubiquitination of Runx2 (Fig. 5F). These results suggest that Pin1
enhances the protein stability of Runx2 by inhibiting ubiquitin-
mediated proteosomal degradation of Runx2.
3.6. Pin1 knockdown suppresses osteoblast differentiation and reduces
the protein levels and transcriptional activity Runx2
Next, we examined the effects of Pin1 knockdown on osteoblast
differentiation and Runx2 function. First, Pin1 knockdown signiﬁ-
cantly reduced BMP2-induced ALP staining in a dose-dependent
manner (Fig. 6A). Second, Pin1 knockdown reduced BMP2-induced
expression of osteoblast marker genes and osteoblast-speciﬁc
luciferase reporters (Fig. 6B and C). These results indicate that
Pin1 is important, if not necessary, for osteoblast differentiation.
Third, Pin1 knockdown reduced the level of overexpressed Runx2
(Fig. 6D). Lastly, Pin1 knockdown decreased Runx2-induced
expression of osteoblast-speciﬁc luciferase reporters (Fig. 6E). We
also examined Runx2-induced expression of an osteoblast-speciﬁc
reporter in Pin1 deﬁcient cells. Overexpression Runx2 induced the
expression of OC-Luc in Pin1/ MEFs and the Runx2-induced
expression of OC-Luc was further enhanced by co-expression of
Pin1 (Fig. 6F). Next, we examined the effect of inhibiting proteaso-
mal degradation on the transcriptional activity of Runx2 in Pin1/
MEFs. Runx2-induced expression of OC-Luc was enhanced by MG-
132 indicating that Pin1 reduced the proteasomal degradation of
Runx2 (Fig. 6G). These results indicate that Pin1 activity is impor-
tant for the protein stability and transcriptional activity of Runx2.
3.7. MEK activity is important for Pin1-induced increase of Runx2
protein
Cyclin-dependent kinases and mitogen-activated protein ki-
nases (MAPKs) are the major kinases mediating phosphorylation0
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Fig. 4. Pin1 enhances Runx2-induced expression of osteoblast-speciﬁc reporters. HEK293
indicated combinations of Runx2 and Pin1. 36 h later, luciferase activities were measurof the Ser/Thr-Pro motifs in Pin1 substrates [10]. We examined
the effect of MEK on Pin1’s ability to regulate Runx2. A dominant
negative MEK mutant (MEK-AA) abolished Pin1-induced increase
of Runx2 protein, whereas a constitutively active MEK mutant
(MEK-EE) enhanced it (Fig. 7A). Next, we examined the require-
ment of Pin1 for the effect of MEK. Pin1 S16A mutant overexpres-
sion or Pin1 knockdown signiﬁcantly reduced MEK-EE-induced
increase of Punx2 protein (Fig. 7B). These results suggest that
MEK activity is important for Pin1’s ability to modulate Runx2.
4. Discussion
In this study, we provide evidences that Pin1 modulates osteo-
blast differentiation. Pin1 regulates various biological processes
through phosphorylation at Ser/Thr-Pro motifs in target proteins
[1]. We found evidences that Pin1 modulates the protein stability
and transcriptional activity of Runx2, a key transcription factor in
osteoblast differentiation.
In addition to its transcription, Runx2 is regulated by phosphor-
ylation that modiﬁes its transcriptional activity and potential for
protein–protein interactions [11]. Phosphorylation of Runx2 is
mediated in part by mitogen activated protein kinase (MAPK) re-
lated signaling pathways, including extracellular signal-regulated
kinase (ERK) [12,13]. In addition, Runx2 is a substrate for protein
kinase A [14] and protein kinase C [15]. Phosphorylation of Runx2
by various kinases plays a pivotal role in regulating the function
and stability of Runx2 [16]. We found that the phosphorylation sta-
tus of Runx2 is important for the interaction between Runx2 and
Pin1. It has been proposed that cyclin-dependent kinases and
mitogen-activated protein kinases (MAPKs) are the major kinases
mediating the phosphorylation of Ser/Thr-Pro motifs of Pin1 sub-
strates [10]. In this study, we found that MEK activity is important
for Pin1’s ability to modulate Runx2 function. Identiﬁcation of the
kinases that phosphorylate of the Ser/Thr-Pro motif in Runx2
during osteoblast differentiation and the precise roles of these0
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Pin1 will enhances our understanding of the biological functions
of Runx2 and Pin1.
Phosphorylation of the Ser/Thr-Pro motif by Pin1 changes the
conformation of target proteins [1]. Pin1 represses poly-ubiquiti-
nation of Runx2. Elucidating the precise mechanisms of how Pin1
suppresses the poly-ubiquitination and degradation of Runx2 is
important for understanding the precise function of Runx2. Prolyl
isomerization-mediated conformational change of Runx2 may
result in engagement or disengagement of Runx2 with its
binding proteins. For instance, conformational change of Runx2
may induce binding with co-activators such as p300, which
mediates the acetylation of Runx2. Acetylation of Runx2 by
p300 prevents Runx2 poly-ubiquitination and enhances thestability and activity of Runx2. Therefore, Pin1 may facilitate
p300-mediated acetylation of lysine residues in Runx2 which will
prevent poly-ubiquitination of the same lysine residues. It is
also possible that Pin1 may affect the interaction of Runx2 with
CBFb, which is important for maintaining the stability of Runx
proteins.
Pin1 plays different roles for the regulation of Runx2 and Runx3.
While Pin1 increases the expression of Runx2, it decreases the
expression of Runx3. Binding of Pin1 to Runx3 suppresses the tran-
scriptional activity of Runx3, and reduces the cellular level of
Runx3 in an isomerase activity-dependent manner by inducing
ubiquitin-mediated proteasomal degradation of Runx3 [17]. This
difference may result from differences in kinases that phosphory-
late Pin1 recognition sites in Runx2 and Runx3. Pin1 recognition
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Fig. 6. Pin1 Knockdown suppresses osteoblast differentiation and reduces the transcriptional activities and protein stability of Runx2. (A) Pin1 Knockdown suppresses osteoblast
differentiation. C2C12 cellswere transfectedwith control or increasing amounts of Pin1 shRNA plasmid (si-Pin1), stimulatedwith BMP2, and then stained for ALP activity. (B) Pin1
Knockdown suppresses the expression of osteoblast markers. C2C12 cells were transfected with control or si-Pin1 and then stimulated with BMP2. The expression of ALP, BSP,
Col1A1 andGAPDH is analyzed by RT-PCR. (C) Pin1 Knockdown decreases the expression of osteoblast-speciﬁc reporters. C2C12 cells were transfected with ALP or OC-Luc reporter
alone or with control or si-Pin1. Cells were then treated with BMP2 for 36 h and luciferase activities were measured. ⁄P < 0.05 compared to control group. (D) Pin1 Knockdown
decreases the level of Runx2 protein. HEK293 cells were transfected with Myc-Runx2 and control or increasing amounts of si-Pin1. 48 h later, cell lysates were analyzed byMyc-
Runx2 IB. (E) Pin1Knockdown reduces the transcriptional activities of Runx2. HEK293 cellswere transfectedwithALP, BSPorOC-Luc reporter aloneorwith indicated combinations
Runx2 and si-Pin1. 36 h later, luciferase activitiesweremeasured. ⁄P < 0.05 and ⁄⁄P < 0.01 compared to cells transfectedwith Runx2 alone. (F) Overexpression of Runx2 induces the
expression of an osteoblast-speciﬁc reporter in Pin1deﬁcient cells. Pin1/MEFswere transfectedwithOC-Luc reporter alone orwith indicated combinations Runx2 andPin1. 36 h
later, luciferases activitiesweremeasured. ⁄P < 0.05, ⁄⁄P < 0.01, and ⁄⁄⁄P < 0.001 compared to control cells. ##P < 0.01 compared to cells transfectedwith Runx2 alone. (G) Inhibition
of proteasomal degradation increases the transcriptional activity of Runx2 in Pin1 deﬁcient cells. Pin1/ MEFs were transfected with OC-Luc reporter alone or with Runx2. Cells
were then treated with MG-132 for 24 h and luciferase activities were measured. ⁄P < 0.05 and ⁄⁄P < 0.01 compared to cells transfected with Runx2 alone.
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Fig. 7. MEK activity is important for Pin1-induced increase of Runx2 protein level.
(A) MEK enhances Pin1-induced increase of Runx2 protein. HEK293 cells were
transfected with indicated combination of Myc-Runx2, Pin1 and MEK mutants. Cell
lysates were analyzed by IB. (B) Pin1 activity is important for MEK’s ability to
support the increase of Runx2 protein. HEK293 cells were transfected with
indicated combination of Myc-Runx2, Pin1 (wild type or S16A mutant), si-Pin1
and MEK-EE. The levels of Runx2 protein is compared by anti-HA IB.
S.H. Lee et al. / FEBS Letters 587 (2013) 3640–3647 3647sites in Runx2 are likely regulated by MAP kinases (ERK1/2 and p38
kinase) which would facilitate Pin1-induced conformational
changes of Runx2 and reduce ubiquitin-mediated degradation of
Runx2. One the other hand, kinases that regulate Pin1 recognition
sites in Runx3 may enhance Pin1-induced conformational changes
of Runx3 that triggers ubiquitin-mediated degradation. Identiﬁca-
tion of kinases that phosphorylate Pin1 recognition sites in Runx2
and Runx3, and the phosphorylation target sites in Runx2 and
Runx3 is necessary to understand the biological roles of Pin1 for
the regulation of Runx proteins.
In conclusion, our results demonstrate possible functional
consequence of the physical interaction between Pin1 and Runx2
during osteoblast differentiation. Identiﬁcation of Pin1 as a novel
regulator of Runx2 during bone development not only provides
us with a new basis for understanding the molecular network in
osteoblasts but also provide a potential therapeutic target for bone
diseases. Although we found that Pin1 can speciﬁcally induce the
stability and transcriptional activity of Runx2 to induce osteoblast
differentiation, we cannot exclude the possibility that Pin1 can also
inﬂuence osteoblast differentiation by acting on other keyosteogenic regulators such as Osterix, Dlx3, Dlx5 and Msx2, which
are essential transcription factors for osteoblast differentiation.
Acknowledgements
This work is supported by the National Research Foundation of
Korea (NRF) grants funded by the Korea government (MSIP) to C.-
Y.Y. (No. 2012R1A5A1048236) and K.Y.L. (2011-0022259).
References
[1] Lu, K.P. and Zhou, X.Z. (2007) The prolyl isomerase PIN1: a pivotal new twist in
phosphorylation signalling and disease. Nat. Rev. Mol. Cell Biol. 8, 904–916.
[2] Liou, Y.C., Zhou, X.Z. and Lu, K.P. (2011) Prolyl isomerase Pin1 as a molecular
switch to determine the fate of phosphoproteins. Trends Biochem. Sci. 36,
501–514.
[3] Jensen, E.D., Gopalakrishnan, R. and Westendorf, J.J. (2010) Regulation of gene
expression in osteoblasts. BioFactors 36, 25–32.
[4] Ducy, P., Zhang, R., Geoffroy, V., Ridall, A.L. and Karsenty, G. (1997) Osf2/Cbfa1:
a transcriptional activator of osteoblast differentiation. Cell 89, 747–754.
[5] Otto, F., Thornell, A.P., Crompton, T., Denzel, A., Gilmour, K.C., Rosewell, I.R.,
Stamp, G.W., Beddington, R.S., Mundlos, S., Olsen, B.R., Selby, P.B. and Owen,
M.J. (1997) Cbfa1, a candidate gene for cleidocranial dysplasia syndrome, is
essential for osteoblast differentiation and bone development. Cell 89, 765–
771.
[6] Mundlos, S., Otto, F., Mundlos, C., Mulliken, J.B., Aylsworth, A.S., Albright, S.,
Lindhout, D., Cole, W.G., Henn, W., Knoll, J.H., Owen, M.J., Mertelsmann, R.,
Zabel, B.U. and Olsen, B.R. (1997) Mutations involving the transcription factor
CBFA1 cause cleidocranial dysplasia. Cell 89, 773–779.
[7] Stein, G.S., Lian, J.B., van Wijnen, A.J., Stein, J.L., Montecino, M., Javed, A., Zaidi,
S.K., Young, D.W., Choi, J.Y. and Pockwinse, S.M. (2004) Runx2 control of
organization, assembly and activity of the regulatory machinery for skeletal
gene expression. Oncogene 23, 4315–4329.
[8] Ducy, P., Starbuck, M., Priemel, M., Shen, J., Pinero, G., Geoffroy, V., Amling, M.
and Karsenty, G. (1999) A Cbfa1-dependent genetic pathway controls bone
formation beyond embryonic development. Genes Dev. 13, 1025–1036.
[9] Lu, P.J., Zhou, X.Z., Shen, M. and Lu, K.P. (1999) Function of WW domains as
phosphoserine- or phosphothreonine-binding modules. Science 283, 1325–
1328.
[10] Schutkowski, M., Bernhardt, A., Zhou, X.Z., Shen, M., Reimer, U., Rahfeld, J.U.,
Lu, K.P. and Fischer, G. (1998) Role of phosphorylation in determining the
backbone dynamics of the serine/threonine-proline motif and Pin1 substrate
recognition. Biochemistry 37, 5566–5575.
[11] Lian, J.B., Javed, A., Zaidi, S.K., Lengner, C., Montecino, M., van Wijnen, A.J.,
Stein, J.L. and Stein, G.S. (2004) Regulatory controls for osteoblast growth and
differentiation: role of Runx/Cbfa/AML factors. Crit. Rev. Eukaryot. Gene Expr.
14, 1–41.
[12] Xiao, G., Jiang, D., Thomas, P., Benson, M.D., Guan, K., Karsenty, G. and
Franceschi, R.T. (2000) MAPK pathways activate and phosphorylate the
osteoblast-speciﬁc transcription factor, Cbfa1. J. Biol. Chem. 275, 4453–4459.
[13] Xiao, G., Jiang, D., Gopalakrishnan, R. and Franceschi, R.T. (2002) Fibroblast
growth factor 2 induction of the osteocalcin gene requires MAPK activity and
phosphorylation of the osteoblast transcription factor, Cbfa1/Runx2. J. Biol.
Chem. 277, 36181–36187.
[14] Selvamurugan, N., Pulumati, M.R., Tyson, D.R. and Partridge, N.C. (2000)
Parathyroid hormone regulation of the rat collagenase-3 promoter by protein
kinase A-dependent transactivation of core binding factor alpha1. J. Biol.
Chem. 275, 5037–5042.
[15] Kim, B.G., Kim, H.J., Park, H.J., Kim, Y.J., Yoon, W.J., Lee, S.J., Ryoo, H.M. and Cho,
J.Y. (2006) Runx2 phosphorylation induced by ﬁbroblast growth factor-2/
protein kinase C pathways. Proteomics 6, 1166–1174.
[16] Bae, S.C. and Lee, Y.H. (2006) Phosphorylation, acetylation and ubiquitination:
the molecular basis of RUNX regulation. Gene 366, 58–66.
[17] Nicole Tsang, Y.H., Wu, X.W., Lim, J.S., Wee Ong, C., Salto-Tellez, M., Ito, K., Ito,
Y. and Chen, L.F. (2013) Prolyl isomerase Pin1 downregulates tumor
suppressor RUNX3 in breast cancer. Oncogene 32, 1488–1496.
